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SUMMARY 


Available gust-velocity data for convective-type clouds at various 
altitudes are analyzed to dete rmine the variation with altitude of the 
effective gust velocity. These data include about 1000 miles of record 
distance at altitudes up to 34,000 feet in the vicinity of Langley Field, 
Va. , and 6j00 miles of record distance at altitudes up to 26,000 feet In 
the vicinity of Orlando, Fla. 

The analysis indicates that the distribution of effective gust 
velocities Is ro ughly equal at various altitudes within convective-type 
clouds. The number of gusts of a given intensity encountered per flight 
mile at different altitudes within convective-type clouds would, there- 
fore, be essentia l ly equal. Consideration of these results for altitudes 
below 3^,000 feet indicates that similar results would apply to convective- 
type clouds within the troposphere at altitudes above 34,000 feet. 


INTRODUCTION 


The results obtained from routine collections of gust data with the 
V-G recorder (reference l) and from special investigations such as those 
described in reference 2 have provided the basis for specifying the 
present design gust load requirement of a 3 CSC foot per second effective 
gust velocity where K is the relative alleviation factor (reference 3 ). 
Whereas this requirement has been found to be satisfactory for flight 
operations up to moderate altitudes, the present trend toward higher 
operating altitudes has raised the question of the proper gust velocity 
to be used in the design of high-altitude aiip.la.nes. The requirement of 
reference 3 has been felt to be overly conservative for high-altitude 
operations so that high-altitude airplanes will suffer a severe weight 
penalty. 

As a tentative solution to the problem of proper selection of design 
gust velocities at various altitudes, reference 4 proposes the use of a 
design gust velocity of constant equivalent airspeed for altitudes up 
to 25,000 fast. For higher altitudes a linear variation with altitude c£ 
design gust velocity from the value prescribed for 25,000 feet to 60 per- 
cent of that value at 50,000 feet is proposed. The reduction in design 
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gust velocity at altitudes above 25,000 feet in this proposal is based on 
est ima tes of the amount of convective -type clouds at various altitudes. 
These estimates indicate that the amount of rough air and, consequently, 
the total number of gusts decrease at the higher altitudes. In order to 
obtain a final solution, more complete' information on the gust- velocities 
in rough air as a function of-altitude and on the amount of rough air at 
various altitudes is required. 

In the present paper, the variation of effective gust velocity" in 
convective -type clouds with altitude is investigated. Data obtained 
during 19^1 and 1942 at altitudes up to 34,000 feet and data, obtained more 
recently from the Thunderstorm Project (reference 5 ) a t altitudes up to 
26,000 feet are utilized for_this purpose. Consideration is given in 
analyzing the results both to data for the range investigated and to 
extrapolations of the data to higher altitudes. 

SCOPE OP DATA 


Gust-velocity data for altitudes up to about - 34,000 feet were 
obtained by the NACA from 35 flights in the vicinity of Langley Pleld, Ya. , 
during the spring and summer months of 1941 and 1942 (reference 2). It 
was intended that successive surveys of cumulus congestus and cumulo -nimbus 
clouds would be made at decreasing altitudes during the period of maximum 
convective activity. Frontal activity was of importance as a cause of 
the turbulence encountered on only a few of the flights. About 12 percent 
of the total record mileages were taken at altitudes of 30,000 feet or 
greater} about one-half of the records at these altitudes were taken in 
thunderstorms, with the remainder taken in cirrus clouds or clear air in 
the vicinity of the tropopause. A summary of the number of traverses 
made with the airplane and the distances traveled during recording of— gust- 
velocity data within various altitude ranges is given in table I. 

Additional gust-velocity data for altitudes from 6000 feet to 
26,000 feet were obtained from operations made during the summer of 1946 
of the Thunderstorm Project at Orlando, Fla. (reference 5)* These data 
were taken during simultaneous traverses of a cumulus congestus or a 
cumulo -nimbus cloud by two to five fighter airplanes at different altitude 
levels. The clouds were caused primarily by surface heating since frontal 
activity was present In the vicinity of Orlando on only two of the 
38 flight days. The number of traverses and the distances traveled during 
turbulence recordings at the various altitudes surveyed by the airplanes 
are summarized in table I. 
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EVAIXJATION OF DATA AND EESULTS 


The records taken daring 19^1 and 19^2 have been previously 
evaluated in reference 2 for effective gust velocities by use of the 
formula:" 


TJ 


2kn¥ 

P 0 aV e SK 


in which 

TJ 0 effective gust velocity, feet per second 
An acceleration increment, g units 

¥ , weight of airplane at time acceleration increment was experienced, 
pounds 

Pq air density at sea level, slugs per cubic foot 

a slope of lift-coefficient curve corrected for Mach number 

effect, per radian 

V e equivalent airspeed of airplane , feet per second 
S wing area, square feet 

K relative alleviation factor taken from figure 9 of reference 3 

The results of this evaluation for different ranges of altitude are shorn 
as frequency distributions in table II.' The gusts in the lowest altitude 
range (altitudes from 0 to 5 000 ft) of reference 2 were omitted from 
table II because a relatively small amount of data was obtained at those 
altitudes. The data in the interval of effective gust velocity from 0 
to 4 feet per second were also omitted from table II since all gusts in 
that interval could not be evaluated, and the data in this interval do 
not represent a complete count. The average number of miles per gust for 
each altitude range, obtained by dividing the record distances of table I 
by the respective total gust frequencies, is also shown in table H. 

The records obtained from the Thunderstorm Project were evaluated 
in a similar manner with, the exception that only the maximum positive 
and negative effective gust velocities above a minimum value of about 
k feet per second for each 3000 feet of each traverse were computed. 

The gust-velocity distributions given in table HI for the Thunderstorm 
Project are, therefore, not strictly comparable to the distributions for 
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the 1941-42 data hut represent - dis trihut i ons of the maximums over short 
space Intervals rather than distributions of all gusts above a 4 foot— - 
per second threshold. The valu.es of miles per gust of tables II and III- 
are not comparable for similar reasons. 

In order to smooth out-minor irregularities in the data, Pearson 
type III probability curves -were fitted to the frequency distributions 
of tables H and III by standard statistical methods (reference 6). 

The curves for the two sets of data are shown in figures 1 and 2. Tests 
for "goodness of fit" indicate that the curves give a satisfactory 
representation of the data. 

In view of the differences cited in the methods of obtaining the 
frequency distributions for the two sets of data, the use of the term 
"probability" with reference to figures 1 and 2 has different meanings. 

For figure 1, the term probability used herein indicates the relative 
frequency with which the given values of effective gust velocity will be 
exceeded within the various altitude ranges. For figure 2, the term 
probability indicates the ratio of the number of 3000 -foot intervals in 
which a given effective gust velocity will be exceeded to the total 
number of such intervals at the respective altitudes. 

For ease in interpreting the results, the probability curves of 
figures 1 and 2 have been referred to a mileage scale in the following 
manner: If P is the relative frequency with which a given value of— 

gust velocity will be exceeded within an altitude range, then that value 
will be exceeded, on the average, once in l/P gusts. The average number 
of miles in rough air that must be flown to encounter a gust equal to or 
greater than the given value then equals l/P multiplied by the average 
number of miles per gust as taken from tables II and III. These results 
for the various altitude ranges of the two sets of data are shewn in 
figures 3 and 4. This reduction of— the data from the Thunderstorm Project 
does not yield actual mileage values because only a limited number of the 
largest gusts were evaluated. The values obtained, however, are a measure 
of the flight miles and may, therefore, be used for making comparisons 
between the Thunderstorm-Project data for different altitudes. No direct 
comparison between the Thunderstorm-Project and 1941-4-2 m i leage values 
can be made. 


DISCUSSION 


An inspection of figure 1 indicates that the data for altitudes 
above 10,000 feet form a family of curves distinct from the data below 
10,000 feet. This observation is confirmed by application of the Chi- 
squared test (reference 7 ) to the frequency distributions of table II, 
which indicates that-no significant-differences exiBt between the 
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distributions for the altitude intervals above 10,000 feet. These distri- 
butions, however, are sig nif icantly different from the distribution for 
the altitude interval below 10,000 feet. It may also be seen from 
figure 1 that variations of only about ±2 feet per second occur between 
the values of effective gust velocity which would be exceeded at the 
various altitudes above 10,000 feet for a given probability value. Since 
these variations are within the range of precision of the effective-gust- 
velocity computations (reference 2 ), it would appear that the distribution 
of gust velocities in convective -type clouds at the various altitudes 
above 10,000 feet is roughly equal. 

The disagreement noted between the data for altitudes above and 
below 10,000 feet in figure 1 can be accounted for by a consideration of 
the flight procedure and the test conditions during the 1941-42 investi- 
gation. As has been previously indicated, the cloud surveys were usually 
begun at the higher altitudes with the cloud in its peak stage of develop- 
ment. In some instances where large clouds were being investigated, the 
available record time was consumed during traverses of the upper parts of 
the clouds so that no gust velocity measurements were obtained at the 
lower altitudes within the clouds. In other ins tances, the cloud under 
study had dissipated to a considerable extent by the time the lower 
altitudes were reached and the remaining record time was consumed during 
flight through small, clouds at altitudes below 10,000 feet or in regions 
of clear air turbulence in the vicinity of these clouds. Hence, because, 
of equipment limitations , the 1941-42 data for altitudes below 10,000 feet 
were taken under conditions of lower turbulence with a resulting decrease 
in measured gust intensities. 

The probability curves of figure 2 for the data obtained from the 
Thunderstorm Project form a family of curves similar to those discussed 
for the 194-1-42 data. Tests for significant differences between the data 
for the various altitudes also indicate no significant differences from 
6000 to 26,000 feet. The variation in effective gust velocity between 
the different altitudes for any probability value is less than ±2 feet 
per second. These results confirm the findings of the 1941-42 tests that 
the distribution of gust velocities in convective-type clouds is roughly 
equal at any altitude within the range of the data. 

The preceding results are further illustrated by the mileage curves 
of figures 3 and 4. It will be noted from figure 3 that when the curve 
for the altitude interval from 5 OOO to 10,000 feet is neglected, the 
variations in the average number of miles in convective-type clouds that 
must be flown at the different altitudes to encounter a gust equal to or 
greater than a given value are less than a ratio of 3 to 1. The curve 
for the lowest altitude interval is neglected because the data are not 
representative of the conditions surveyed at the higher altitudes. The 
slight tendency for the mileage values for the altitude interval from 
30,000 to 34,000 feet in figure 3 to increase at the higher gust veloci- 
ties results from the fact that this sample of data includes an appreci- 
able number of miles of flight in clear air and cirrus clouds in the 
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vicinity of- the tropopau.se with only a few large gusts "being encountered. 
Suitable corrections for this effect on the mileage values would probably 
tend to lower the points for the higher gust velocities so that— differ- 
ences between all curves would be less than a ratio of 2 to 1. Figure 4 
also indicates that the differences in the mileages are in the ratio of 
about 2 to 1. Differences of- this order are not considered significant 
for design purposes. 

Since convective-type clouds have been observed to extend to alti- 
tudes considerably above the altitude range of the present data, the 
question of extrapolating the data for clouds at higher altitudes within 
the troposphere appears pertinent. For any probability value in 
figures 1 and 2 , the scatter in effective gust— velocities between the 
various altitudes has been noted to be only ±2 feet per second, or within 
the limits of- accuracy of the data. This distribution with altitude of 
points about a line of constant-effective gust velocity would indicate 
that the most suitable extrapolation of the data would be a continuation 
of the line to the higher altitude. 

Further evidence on the question of extrapolation may be obtained 
by cross -plotting from figures 3 and 4 to determine the variation with 
altitude of the effective gust velocity for equal miles flown in 
convective-type clouds. The results are shown in figure 5 for mileages 
that were selected to include the higher and most critical gusts from 
airplane design considerations. These results Indicate that, for given 
miles of flight in convective-type clouds, the variation with altitude of 
effective gust velocity is only about ±2 feet per second when the lowest -- 
altitude interval of the 1941-42 data is neglected. The absence of 
scatter beyond the limits of error of the data together with the linear 
relationship indicated in figure 5 denote that extrapolation of the data 
for convective -type clouds within the troposphere would be a straight- 
line continuation of the constant effective gust velocity. 


CONCLUDING- REMARKS 


Available flight data for altitudes up to 34,000 feet in convective - 
type clouds indicate that— the distributions of effective gust velocities 
measured at the various altitudes are roughly equal. The gust experience 
per flight mile within convective-type clouds, therefore, varies to only 
a small extent at different altitudes. The uniformity of the gust- 
velocity distributions for the altitude range covered by the tests indi- 
cates that these results could be extrapolarted above 34,000 feet for 
convective-type clouds that are within the troposphere. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va . , March 17 , 1948 
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TABLE I 

NUMBER OE TRAVERSES AND RECORD MILEAGES 


AT VARIOUS ALTITUDES 


Altitude 

Number of 
traverses 

Record - 
distance 
(miles) 

1941-42 teats 

5,000 to 10,000 

89 

247 

10,000 to 15,000 

44 

130 

15,000 to 20,000 

37 

180 

20,000 to 25,000 

21 

114 

25,000 to 30,000 

29 

180 

30,000 to 34,000 

18 

117 

Totals 

238 

968 

Thunderstorm- Project tests 

6,000 

84 

1032 

11,000 

120 

1548 

16,000 

117 

1717 

21,000 

93 

1371 

26,000 

71 

1044 

Totals 

485 

6712 
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TABLE II 

FEE&UEtTCY DI3TEEBUTI0NS OF EFFECTIVE GUST VELOCITY AND MILES 
PER GUST AT VARIOUS ALTITUDES FROM 1941-42 TESTS 




Frequency of gusts 


^XAltitudo 

5,000 

10,000 

15,000 

20,000 

25,000 

30,000 

to 

to 

to 

to 

to 

to 

(fps) \ 

10,000 

15,000 

20,000 

25,000 

30,000 

34,000 

4 to 8 

1322 

571 

760 

354 

449 

215 

8 to 12 

351 

233 

335 

198 

274 

l£ 1 

12 to 16 

70 

89 

129 

109 

75 

51 

16 to 20 

15 

29 

48 

4l 

34 

17 

20 to 24 

2 

8 

15 

14 

15 

7 

24 to 28 

2 

2 

5 

6 

6 

4 

28 to 32 


4 

4 

l 

3 

l 

32 to 36 
36 to 40 

Totals 

1762 

936 

1 

1 

1298 

1 

724 

85 6 

456 

Miles per 

.140 

.139 

.139 

.158 

.210 

.257 

gust 
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TABLE III 

FREQUENCY DISTRIBUTIONS OF EFFECTIVE GUST VELOCITY AND 
MILES PER GUST AT VARIOUS ALTITUDES FROM 
THUNDERSTORM- PROJECT TESTS 



\Altitmde 

\(ft) 

U e 

(f ps ) 


4 to 8 
8 to 12 
12 to 16 
16 to 20 
20 to 24 
2 b to 28 
28 to 32 
32 to 36 
36 to 40 

Totals 

Miles per 
gust 


Frequency of gusts 

6,000 

11,000 

16,000 

21,000 

26,000 

H65 

1822 

1851 

1417 

992 

535 

774 

751 

621 

381 

I63 

286 

273 

210 

145 

53 

98 

121 

58 

45 

15 

28 

kb 

26 

6 

b 

9 

7 

7 

4 

1 

3 

b 

5 

3 



1 

1 




1 



1936 

3020 

3053 

2345 

155 6 

•53^ 

• 513 

• 583 

.585 

.671 


-£/ 




2 2, 
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Effective gust vetoc/ty fps 


Figure /. - Probability that an effective gust velocity at 
various attitudes w/ft exceed a given value. 194 f -44. data. 



Probability ; 
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Effective gust velocity, fps 

Figure 2.- Probability that the maximum effective gust 
velocity m a 3000 ft interval will exceed a p/verr 
value . Thunderstorm -Projec f data. 



Mi/es 
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£f7ecf/ve gust ve/octtg fas 


figure 3- Average number od mttes ffor/n tn 
convect/ve-fgpe c/ouctc fo encounter an e/7ect/v<? 
oust ve/oc/fu equal fo or area ter t/ion a q/Ver 
value. 194/ -42 data. 



M/les 
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£//ecf/re gusr vefoc/fy, £as 


//pure 4.~ Average rurn/er 0 / m//es //own Yn 
convecf/ v<2 -fy/oe c/ouds Ye encour/fer w/i e/fecf/ve 
oust vetee/fg eguo/ fo or greater tear) a g/ver? vu/ue. 
Thu nc/ero form — Pro/ecf data. 
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/Q4/-4? 


/OO mdes 


/dunders/orxn -£roJec / 
c/afaj 

_/000 nodes 


££fec//\xe gc/s/ ve/oc/fy, f£s 


30 4C 


f/gure 37- ££fec//ve gusf ve/ocdu exceeded erf verrz'ous cz/d/udes 
\n/fh/n con vecf/ve -fupe c/ouds /ox /OO one/ /OOO codes of 

f //g/]/ £om /3d/~ 42 and T/iundenc/orm — dr-ajec/ dofo. 


res/oeef/ve/u. 













